Seven spore-forming, nitrogen-fixing bacterial isolates from spruce forest humus in Finland were studied using the polyphasic approach. PCR amplification of 16S rRNA gene fragment with specific primers showed that the isolates were members of Paenibacillus. Levels of 16S rDNA similarity between the isolates were 973-1000 % and those between the isolates and other Paenibacillus species were 903-965 %. The highest similarities were observed with Paenibacillus azotofixans and Paenibacillus durus. Ribotyping with EcoRI and PvuII restriction showed a high diversity in the Paenibacillus species and distinguished the isolates from these closely related species. The main whole-cell fatty acids were anteiso-C 15 :0 (33-48 %), straight-chain C 14 :0 (7-21 %) and C 16 :0 (9-20 %), and iso-C 15 :0 (6-15 %). Electron microscopy revealed a unique striped morphology of the spore surfaces. Based on phylogenetic inference and phenotypic and chemotaxonomic characteristics, these isolates are proposed as a new species, Paenibacillus borealis sp. nov., the type strain of which is KK19 T (l DSM 13188 T l CCUG 43137 T ).
INTRODUCTION
The genus Paenibacillus comprises rRNA group 3 of Ash et al. (1993) and includes the nitrogen-fixing species Paenibacillus azotofixans, Paenibacillus macerans and Paenibacillus polymyxa. Nitrogen-fixing Clostridium durum was reclassified as a member of the genus Paenibacillus as Paenibacillus durus (Collins et al., 1994) and later included in the same species with P. azotofixans (Rosado et al., 1997) .
Nitrogen-fixing bacteria were isolated from coniferous forest humus in Finland (Elo et al., 2000) . Based on the almost full 16S rDNA sequences, seven of the isolates were assigned to the genus Paenibacillus, closest to P. durus (Elo et al., 2000) . The isolates were further characterized using a polyphasic approach. The data were prepared and tested for acetylene reduction. Sporeforming nitrogen-fixing isolates were maintained and grown aerobically at 28 mC on nutrient agar (0n3 % meat extract, 0n5 % peptone, 0n5 % yeast extract, 0n5 % NaCl, 50 mg MnSO % ;H # O l − " and 1n2 % agar).
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Phylogenetic methods. The Paenibacillus-specific 16S rRNA gene PCR amplification was done using the forward primer PAEN515F (Shida et al., 1997) and the universal reverse primer 1377R as described by Shida et al. (1996) . The 16S rRNA gene was amplified and sequenced as described previously (Elo et al., 2000) . Alignment of the 16S rDNA sequences (1358 bp) was done with the  program of the Wisconsin GCG package (Devereux et al., 1984) . The method of Kimura (1980) was used to calculate the evolutionary distances. The phylogenetic tree was generated by the neighbour-joining method (Saitou & Nei, 1987) using the software package  for Windows (Van de Peer & De Wachter, 1994) . Spectroscopic DNA-DNA hybridization was carried out as described by De Ley et al. (1970) , with the modification described by Huß et al. (1983) and Escara & Hutton (1980) . Renaturation rates were computed with the . program (Jahnke, 1992) .
Whole-cell fatty acids and GjC composition. Whole-cell fatty acids were analysed as described by Pirttija$ rvi et al. (1996) . DNA was isolated by chromatography on hydroxyapatite (Cashion et al., 1977) and the base composition was determined according to Mesbah et al. (1989) and Tamaoka & Komagata (1984) .
Morphological and physiological tests. Cell morphology was examined by phase-contrast microscopy. The cells of 24 h cultures were Gram-stained by using Hucker 's modification (Gerhardt et al., 1994) . For electron microscopy, the cells were collected from a nutrient agar plate after incubation for 3 d at 28 mC and suspended in 0n1 M phosphate buffer (pH 7n2). For transmission electron microscopy, the suspension was pre-fixed with 2n5% (v\v) glutaraldehyde in the above-mentioned buffer for 2 h at room temperature and washed three times in the same buffer. The specimens were post-fixed with 1 % (w\v) osmium tetroxide for 1 h, dehydrated in a graded series of ethanol, transferred to 100 % acetone and embedded in Epon LX-112. Thin sections were cut with a diamond knife on a Leica Ultracut UCT microtome and stained with lead citrate and uranyl acetate. The grids were examined on a JEOL 1200 EX transmission electron microscope at an operating voltage of 60 kV. For field emission scanning electron microscopy, the cell suspension was collected on a Supor-200 membrane filter with pore size 0n2 µm (Gelman Sciences), fixed with 2n5% (v\v) glutaraldehyde in the above-mentioned buffer for 1n5 h at room temperature and washed three times in the same buffer. The specimens were dehydrated in a graded series of ethanol and dried with hexamethyldisilazane (Fluka Chemie). The specimens were coated with platinum and examined on a Hitachi S-4300 field emission scanning electron microscope at 10 kV.
Phenotypic characterization was carried out by standard methods (McFaddin, 2000 ; Claus & Berkeley, 1986) and API 20E and API 50CHB (bioMe! rieux). Assimilation (53 substrates) and hydrolysis (12 substrates) tests in microtitre plates were done as described previously (Ka$ mpfer et al., 1991) . Oxidation of 95 selected carbon sources by the bacteria was tested using BIOLOG GP microplates containing 95 different substrates. For the assay, the strains were grown on BUGM-G (BIOLOG) and the results were recorded after 24 h. Hydrolysis of carboxymethyl cellulose, chitin and pectin were determined as described previously (Elo et al., 2000) . Solubilization of organic phosphate was tested as described by Rosado et al. (1998) . The influence of nitrate on nitrogenase activity was determined by supplementing the medium with 0n5% (w\v) NaNO $ .
Ribotyping and rep-PCR. Robotized ribotyping was done as described by Pirttija$ rvi et al. (1999) using restriction enzymes EcoRI and PvuII. Images acquired from ribotyping were analysed with the Pearson product-moment correlation coefficient (r value) (Ha$ ne et al., 1993) with the software package , version 4.1 (Applied Maths). The dendrogram was constructed by using the unweighted pair group algorithm with means (UPGMA) (Sokal & Michener, 1958) . rep-PCR was performed with REP and BOX primers as described by Elo et al. (2000) . 
RESULTS AND DISCUSSION

Morphological characteristics and growth requirements
The seven Paenibacillus isolates originated from the humus layers of two Norway spruce stands in Southern Finland (Elo et al., 2000) . From 29 spore-forming isolates, seven different REP-fingerprint pattern groups were received. One representative of each group was selected for further study. Vegetative cells stained Gram-negative, were motile and rod-shaped (0n75-1n0 µm by 3n0-5n0 µm). The colonies of the isolates on nutrient agar were flat, smooth and opaque with entire margins. The isolates produced ellipsoidal spores in swollen sporangia in the subterminal or terminal region of the cell. Fig. 1 shows thin sections of spores of isolate KK19 T in different phases of development. The ten spikes visible in the transmission electron micrographs (Fig. 1 ) on the surface of the spores (0n5i1n0 µm) were actually stripes as shown in the field emission scanning electron micrographs ( 5n2-8n0, whereas the other isolates grew at pH 5n6-8n5. The optimum pH for growth was pH 7.
Phylogenetic data
PCR fragments (0n8 kb) of the seven isolates were amplified using specific forward primer PAEN515F (Shida et al., 1997) and universal primer 1377R for 16S rRNA gene fragment amplification. Results suggested that all isolates were members of the genus Paenibacillus.
The phylogenetic positions of the almost complete 16S rDNA sequences of isolates KM8 (AJ011321), KK19 T (AJ011322) and HM31 (AJ011327) are shown in Fig.  3 , which was constructed from evolutionary distances (Kimura, 1980) by the neighbour-joining method (Saitou & Nei, 1987) . The dendrogram (Fig. 3) shows that the isolates are within a radiation of the genus Paenibacillus and occupy a distinct phylogenetic position. Levels of 16S rDNA sequence similarity were 100 % (positions 97-1527) between the isolates KK19 T , KK20, KN24, KN25 and HM26, 99n5% (positions 14-1526) between KK19 T and HM31, 97n4 % (positions 97-1526) between HM31 and KM8, and 97n3 % (positions 97-1527) between KK19 T and KM8. Isolate KK19 T was 90n9-96n5 % similar to species of the genus Paenibacillus shown in Fig. 3 . The highest 16S rDNA sequence similarities (96n5%) to validly described members of genus Paenibacillus were observed for isolate KK19 T to P. azotofixans ATCC 35681 T and to P. durus DSM 1735 T . Isolate KM8 was 90n3-95n9 % similar to the validly described species of Paenibacillus in Fig. 3 . Isolate KM8 was most similar to P. azotofixans ATCC 35681 T (95n9 %) and to P. durus DSM 1735 T (95n5%). P. azotofixans and P. durus have been shown to belong to the same species (Rosado et al., 1997) . In the 16S rDNA dendrogram, the other closely related species were P. macquariensis, P. amylolyticus and P. chibensis. Phylogenetic results thus show that the spruce forest isolates represent one or more new species in the genus Paenibacillus, most closely related to P. azotofixans and P. durus.
DNA-DNA similarity between isolate KK19 T and members of nitrogen-fixing Paenibacillus species (P. azotofixans DSM 5976 T , P. macerans DSM 24 T and P. polymyxa DSM 36 T ) was analysed. The levels of DNA reassociation with these three species were 53n1, 43n1 and 47n5 %, respectively. The result shows that the isolate KK19 T was not closely related to these nitrogen-fixing Paenibacillus species.
The DNA GjC content of isolates KK19 T and KM8 were 53n6 and 50n1 mol %, respectively. These are within the range found in the genus Paenibacillus (Shida et al., 1997) .
Chemotaxonomic and physiological properties
Whole-cell fatty acid compositions of the isolates are shown in Table 2 and were compared with those of Paenibacillus strains with phylogenetic relatedness to our isolates. Anteiso-branched C "&:!
, the major fatty acid in the genus Paenibacillus, was also the major fatty acid component of the seven isolates and constituted 33-48 % of the total. Other main fatty acids were iso-branched C "&:! and straight-chain C "%:! and C "':! . Straight-chain C "%:! fatty acid was more common in the novel isolates than in other Paenibacillus species in the study, with the exception of P. azotofixans. The relative amounts of straight-chain C "%:! and C "':! fatty acids were nearly equal in the novel isolates, whereas C "':! was more abundant than C "%:! in the other Paenibacillus species. Isolate HM31 contained high relative amounts (42 %) of straightchain fatty acids, whereas other isolates contained 18-29 % straight-chain fatty acids.
The seven isolates grew in the presence of 2 % (w\v) NaCl, whereas 5 % (w\v) NaCl inhibited growth. No aerobic growth occurred in the presence of 0n001 % (w\v) lysozyme or 0n02 % (w\v) sodium azide. The isolates were catalase-positive and oxidase-negative. Voges-Proskauer broth was acidified to pH 5n3-5n9. Litmus milk reaction was acidic. Gas was produced from carbohydrates. Acid production from carbo-Paenibacillus borealis sp. nov. Brosius et al., 1978) were used for this analysis. The sequences of isolates KK20, KN24, KN25 and HM26 were identical to that of isolate KK19 T . Bootstrap analyses were made with 100 cycles. Branch numbers indicate bootstrap values greater than 70. Bar, 0n05 nucleotide substitutions per site.
hydrates and assimilation or hydrolysis of various substrates are shown in Table 3 . P. macquariensis DSM 2 T and isolate HM31 did not grow adequately on the media used for the assimilation and hydrolysis tests and were therefore omitted from Table 3 . Carboxymethyl cellulose and chitin were degraded. Egg yolk lecithin was hydrolysed. Organic phosphate (calcium phytate) was solubilized. Citrate was not utilized as a carbon source. ONPG was hydrolysed. Urease and arginine dihydrolase were not produced. Hydrogen sulfide, indole and dihydroxyacetone were not produced. Nitrogen was fixed as judged by the acetylene reduction assay. The combination of phenotypic properties that distinguishes the novel isolates from the other Paenibacillus species is shown in Table 3 . The patterns of utilization of various substrates as a sole 
* ' Other ' includes the following compounds :
electron donor for respiration of the isolates are shown in Table 4 . The phenotypic properties agreed with those in the descriptions of the genus Paenibacillus (Ash et al., 1993 ; Shida et al., 1997) . Cells were motile, nonpigmented rods with negative Gram-reaction and produced ellipsoidal endospores. They were facultatively anaerobic and produced acid and gas from various sugars. ONPG was hydrolysed. Cells were catalase-positive and negative for urease and arginine dihydrolase. The pH in Voges-Proskauer broth was lower than 6n0. Hydrogen sulfide was not produced, citrate was not utilized and no growth occurred in the presence of 10 % (w\v) NaCl. Anteiso-branched C "&:! was the major fatty acid. The isolates shared most phenotypic properties with P. polymyxa (Shida et al., 1997) . The GjC contents of DNA of isolates KK19 T (54 mol %) and KM8 (50 mol %) were higher than that of P. polymyxa (43-46 mol %) (Shida et al., 1997) . Nitrogen fixation was not inhibited by 0n5% (w\v) NaNO $ in any of the isolates, whereas Seldin et al. (1984) showed that nitrate inhibited nitrogen fixation in P. polymyxa and P. macerans. The seven isolates differed from P. polymyxa by negative reactions for ribose and rhamnose fermentation, nitrate reduction, gelatin liquefaction and Voges-Proskauer, and by a positive reaction for melezitose. Isolate KM8 differed from P. polymyxa by its negative reaction for methyl β-xyloside and by a positive reaction for inositol, whereas the other six isolates differed from P. polymyxa by their positive reactions for -arabitol. Isolate KM8 differed from the other six isolates by reactions to methyl β-xyloside, inositol and -arabitol. Isolate HM31 differed from the other isolates by its inability to grow on the medium used for the assimilation and hydrolysis tests (Table 3) .
Isolates KK19 T , KK20, KN24, KN25 and HM26 gave identical results in 97 reactions of 109 (Table 3) . Isolate KK19 T represents the majority of the isolates in 105 reactions. The five isolates differed by four to nine reactions when compared in pairs. P. azotofixans and P. durus, presently considered as members of one species, differed by seven reactions (Table 3 ). The differences in the reactions were randomly distributed among the isolates. It is therefore concluded that these isolates form a homogeneous group.
Comparison by ribotyping and rep-PCR
The isolates and twelve closely related Paenibacillus species were ribotyped with restriction enzymes EcoRI and PvuII. Fig. 4 shows that both enzymes yielded ribotyping patterns with several bands in the size range 1-50 kb. PvuII yielded more than ten bands from some of the strains. This indicates that these strains may possess more than one ribosomal operon, e.g. P. durus and P. azotofixans. The diversity of ribotypes was high in the Paenibacillus strains, especially when cut with PvuII. EcoRI yielded three main ribotypes sharing a major band at 3, 1n7 or 6 kb. PvuII did not yield a shared major band. The ribotypes of the new isolates were clearly different from those of the phylogenetically closest species, P. durus and P. azotofixans. Paenibacillus borealis sp. nov. Strains : 1, novel isolates (KK19 T , KK20, KN24, KN25 and HM26) ; 2, isolate KM8 ; 3, isolate HM31 ; 4, P. amylolyticus ; 5, P. azotofixans ; 6, P. chibensis ; 7, P. durus ; 8, P. glucanolyticus ; 9, P. illinoisensis ; 10, P. lautus ; 11, P. macerans ; 12, P. macquariensis ; 13, P. pabuli ; 14, P. peoriae ; 15, P. polymyxa. j, Positive reaction ; k, negative reaction ; , not tested ; , no reaction ; numbers are percentages of positive isolates. P. macquariensis DSM 2 T and isolate HM31 did not grow adequately on the media used for the assimilation and hydrolysis tests. pNP, para-nitrophenyl ; pNA, para-nitroanilide. Acid was produced from -glucose, -arabinose, galactose, -fructose, -mannose, mannitol, amygdalin, arbutin, aesculin, salicin, cellobiose, maltose, melibiose, sucrose, trehalose, -raffinose, amidon, glycogen, β-gentiobiose and turanose. Acid was not produced from erythritol, -xylose, adonitol, -sorbose, dulcitol, -arabitol, 2-ketogluconate or 5-ketogluconate. All strains hydrolysed pNP-β--glucopyranoside. None of the strains was able to utilize putrescine, propionate, adipate, 4-aminobutyrate, azelate, glutarate, -3-hydroxybutyrate, itaconate, -lactate, mesaconate, suberate, β-alanine, -histidine, -ornithine, -phenylalanine, -proline, -serine, -tryptophan, phenylacetate and none hydrolysed -alanine-pNA, -glutamate-γ-3-carboxy-pNA or -proline-pNA. Paenibacillus borealis sp. nov. The following tests were positive for all isolates : dextrin, cellobiose, -fructose, gentiobiose, α--glucose, maltose, -mannose, -melibiose, 3-methyl glucose, salicin, sucrose, -trehalose, turanose and propionic acid. The following tests were negative for all isolates : inulin, Tween 40, Tween 80, N-acetyl--mannosamine, -arabitol, -fucose, -galacturonic acid, -gluconic acid, minositol, -melezitose, methyl α--glucoside, methyl α--mannoside, -rhamnose, -ribose, sedoheptulosan, -tagatose, xylitol, acetic acid, γ-hydroxybutyric acid, α-ketoglutaric acid, lactamide, -lactic acid methyl ester, -malic acid, -malic acid, succinamic acid, succinic acid, N-acetyl -glutamic acid, alaninamide, -alanine, -alanine, -alanyl-glycine, -asparagine, -glutamic acid, glycyl--glutamic acid, -pyroglutamic acid, -serine, putrescine, glycerol, adenosine 5h-monophosphate, thymidine 5h-monophosphate, uridine 5h-monophosphate, fructose 6-phosphate, glucose 1-phosphate, glucose 6-phosphate and -α-glycerol phosphate.
Characteristic
(a) (b) p-nitrophenyl-β--galactopyranoside, p-nitrophenyl-β--glucuronide, p-nitrophenyl-phenyl-phosphonate, p-nitrophenyl-phosphoryl-choline and 2-deoxythymidine-5h-p-nitrophenyl phosphate. The following compounds are not assimilated : -rhamnose, adonitol, i-inositol, acetate, cis-aconitate, citrate, fumarate, oxoglutarate, pyruvate, -alanine, -aspartate, -leucine, 3-hydroxybenzoate and 4-hydroxybenzoate. The GjC content of the type strain is 53n6 mol %. The major cellular fatty acids are anteiso-C "&:! , iso-C "&:! , C "%:! and C "':! . The relative amounts of straight-chain C "%:! and C "':! are nearly equal for cells grown at 28 mC. Isolated from acid humus in Norway spruce forest in Finland and from rhizoplane of birch and red fescue. KK19 T (l DSM 13188 T l CCUG 43137 T ) is the type strain of the species.
